Abstract. The grating lobes of the liquid crystal optical-phased array (LCOPA) based on blazed grating theory is studied. Using the Fraunhofer propagation principle, the analytical expressions of the farfield intensity distribution are derived. Subsequently, we can obtain both the locations and the intensities of the grating lobes. The derived analytical functions that provide an insight into single-slit diffraction and multislit interference effect on the grating lobes are discussed. Utilizing the conventional microwave-phased array technique, the intensities of the grating lobes and the main lobe are almost the same. Different from this, the derived analytical functions demonstrate that the intensities of the grating lobes are less than that of the main lobe. The computer simulations and experiments show that the proposed method can correctly estimate the locations and the intensities of the grating lobes for a LCOPA simultaneously.
Introduction
Liquid crystal optical-phased array (LCOPA) can realize a nonmechanical beam steering by applying the required voltage profile to the phase elements. Compared with the mechanical beam directing systems, it has remarkable advantages, such as low-power consumption, programmability, precise stabilization, low weight, random-access pointing, insensitivity to acceleration, and high-pointing accuracy. Thus, LCOPA has the potential applications in missile interceptors, satellite communications, and laser radar. [1] [2] [3] In the past decades, LCOPA has received considerable attentions, and the performance has been improved significantly. For example, nonmechanical beam steering over a 45 × 45-deg field of regard had been demonstrated in 2004, and the diffraction efficiency is 15% to 20%. 4 By utilizing the lithographic process technique, LCOPA can be integrated on a liquid crystal waveplate. Hence, the pitch between adjacent phase elements (center to center) can be made smaller and smaller, and the pixel pitch for LCOPA had been decreased to 1.6 μm by Boulder Nonlinear Systems. 5 The presence of grating lobes in LCOPA will disperse the energy of the output beam and degrade the diffraction efficiency. Unfortunately, the grating lobes are unavoidable for LCOPA due to the limitation of the state-of-art and the wavelength of radiation. Even the pixel pitch mentioned above is not small enough to avoid the grating lobes for LCOPA in the visible or near-IR region, because the required pixel pitch is less than half a micron according to the conventional microwave-phased array theory. 6, 7 By exploiting the conventional microwave-phased array technique, the grating lobes for optical-phased array are studied. 8 This technique can only accurately predict the locations of the grating lobes. However, the intensities of these grating lobes obtained by this technique are the same as that of the main lobe, which is not consistent with the experimental results in practice.
In this article, we address the problem of correctly predicting both the locations and the intensities of the grating lobes simultaneously. Specifically, we first introduce the blazed grating models of LCOPA. In fact, when the designed phase profile is applied to LCOPA to steer the incident beam to the desired direction, the LCOPA can be seen as a blazed grating, 9 which can be classified into the period blazed grating and nonperiod blazed grating. 10, 11 The period one is similar to the binary optical elements and can steer the incident beam to some discrete angles. The nonperiod one can realize the uniform, continuous beam scanning in the field-of-view of LCOPA. 11 Then, we analyze the far-field intensity distribution after the incident beam transmitting through LCOPA, using the Fraunhofer propagation principle. 12, 13 We obtain the analytical functions of the far-field intensity distributions as well as the locations and the intensities of the grating lobes for both the models. Finally, we evaluate the performance of the derived functions via computer simulations and experiments.
2 Grating Lobes Analysis for LCOPA This section is devoted to formulating mathematically the far-field intensity distributions for the period blazed grating and nonperiod blazed grating models of LCOPA, i.e., getting the analytical expressions for each case.
Period Blazed Grating Model for LCOPA
We consider one-dimensional LCOPA with N phase elements, as shown in Fig. 1 . Assume that the width of the phase element is small enough, so that each element can be seen as a narrow slit, and the diffraction theory of light can be used to calculate the far-field light distribution.
For the case of one-dimension, the Fraunhofer diffraction function can be written as 12 
EðPÞ
whereĒðx 1 Þ is the electric field component of the output beam, EðPÞ is the electric field distribution on the observation screen (i.e., far-field light distribution), k ¼ 2π∕λ denotes the wave vector, λ is the wavelength of the incident beam, z 0 is the distance between the LCOPA and the observation screen, x 1 is the horizontal ordinate of Cartesian coordinate in the plane of LCOPA, and x is the horizontal ordinate of Cartesian coordinate in the plane of the observation screen. The thickness of the LCOPA is in the orders of magnitude of micron, so it can be neglected. Assume that the phase elements in the LCOPA are independent, and the incident beam is steered to the deflection angle θ 0 with respect to the normal direction of LCOPA, namely the point P 0 in Fig. 1 . Then, the phase retardation difference Δφ p between adjacent elements in one period can be written as
where M denotes the period corresponding to the deflection angle θ 0 . Herein, we set the first phase element to the M th phase element as a period, and then the phase retardation of each element in the period can be denoted as
Suppose the incident beam is plane light with zero initial phase and unit amplitude, the electric field component E p ðx 1 Þ of the output beam, after the incident beam transmitting through the phase elements in the aforementioned period, can be given by
where d denotes the width of the phase element. The electric field component Eðx 1 Þ of the output beam, after the incident beam transmitting through the entire LCOPA, can be obtained by extending Eq. (4) periodically. For an integer N∕M, the extension function can be expressed as
where δð·Þ is delta function, which is defined as
Substituting Eq. (3) into Eq. (4) and using Eq. (5), we can obtain
where ⊗ is the convolution operator, namely
Combining Eq. (7) with Eq. (1) and ignoring the constant term, the far-field light distribution EðPÞ on the observation screen can be derived as Optical Engineering 097102-2 September 2013/Vol. 52(9)
where E 1 is the interaction between periods, one period can be seen as a combining element that is similar to the single physical phase element; E 2 is single-slit diffraction; and E 3 is multislit interference in one period. Based on Eq. (9), the farfield intensity distribution IðPÞ is
Based on Eq. (10), when the denominator of A 3 is equal to zero, namely θ m meeting Eq. (11), the grating lobes come into being.
To avoid the grating lobes, all angle θ should meet the following inequality:
Using Eq. (2), we get the solution of Eq. (12) in the following form:
The laser steered by LCOPA is usually a visible or a near-IR laser, whose wavelength is in the orders of magnitude of micron. As is mentioned in the Sec. 1, the width of the phase element cannot be decreased to less than 1 μm to date; thus, the grating lobes are inevitable for LCOPA. Using Eqs. (2) and (11), we can obtain the locations of the grating lobes θ m
Substituting Eq. (14) into Eq. (10), one can get the intensity of the m th grating lobe IðmÞ
It is remarked that the locations of the grating lobes are mainly determined by A 3 in Eq. (10), namely the multislit interference in one period; suppressed by A 2 in Eq. (10), i.e., the single-slit diffraction, the amplitudes of the grating lobes are less than that of the main lobe.
Nonperiod Blazed Grating Model for LCOPA
The nonperiod blazed grating model for LCOPA is shown in Fig. 2 . Assume that the phase elements in the LCOPA are independent, and the incident beam is plane light with zero initial phase and unit amplitude.
When the incident beam is steered to the direction θ 0 with respect to the normal direction of LCOPA (i.e., the point P 0 in Fig. 2 ), the phase retardation difference Δφ np between adjacent elements can be written as
The electric field component E np ðx 1 Þ of the output beam, after the incident beam is transmitted through the entire LCOPA, can be expressed as
Substituting Eq. (17) into Eq. (1) and using Eq. (16), we get the far-field light distribution E np ðPÞ on the observation screen (ignoring the constant term)
where E np1 is single-slit diffraction and E np2 is multislit interference. From Eq. (18), the far-field intensity distribution I np ðPÞ can be derived as
Based on Eq. (19), we can get the same conclusion as that in Sec. 2.1, i.e., the grating lobes are inevitable for LCOPA at present. From Eq. (19) , the locations of the grating lobes θ n are determined by A np2 (the multislit interference), which is given by
Substituting Eq. (20) into Eq. (19) , one can get the intensity of the n th grating lobe I np ðnÞ.
Equation (19) indicates that the intensities of grating lobes are less than that of the main lobe, which is identical to the results obtained by Eq. (10).
Computer Simulations
In this section, we evaluate the performance of the derived solutions Eqs. (10) and (19) in the previous section via computer simulations for both the period and nonperiod blazed grating model. Note that the negative sign of an angle denotes steering the incident beam to the left, and the positive sign of an angle denotes steering the incident beam to the right in the simulations.
Period Blazed Grating for LCOPA
We first consider the period blazed grating for a 1920-element LCOPA, whose phase element width is 5 μm. The incident beam is plane light with zero initial phase and unit amplitude, whose wavelength is 0.6328 μm. Suppose that the phase period is 16, and the incident beam is steered to the right side of the normal direction of the LCOPA along the propagating direction of incident beam.
The normalized far-field intensity distribution of the simulation is shown in Fig. 3 . From the figure, we can see that −2nd, −1st, 1st, and 2nd orders are the grating lobes and 0th order is the main lobe. When the angle range is limited to [−20 deg, 20 deg], the normalized far-field intensity distribution calculated by Eq. (10) is shown in Fig. 4 .
Inspection on the normalized far-field intensity distribution in Figs. 3 and 4 reveals that the intensities of the grating lobes are less than that of the main lobe for the period blazed grating of LCOPA. To compare the simulation results with the theoretical results, the values of the peak points in Figs. 3 and 4 are shown in Table 1 .
The angle error is calculated by where θ Sim is the simulation values of the locations of the main lobe and grating lobes and θ The is the corresponding theoretical values. The intensity error is defined as
where I Sim is the simulation values of the intensities of the grating lobes and I The is the corresponding theoretical values. Some observations are now in order from Table 1 . First, the locations of the grating lobes of theoretical solution Eq. (14) are identical to these of simulations. Second, the intensity errors of the grating lobes between simulations and the theoretical solution Eq. (15) are less than 0.5%. Consequently, it can be concluded that the simulation results are in an excellent agreement with the theoretical results for period blazed grating of LCOPA.
Nonperiod Blazed Grating for LCOPA
In this section, we consider the nonperiod blazed grating for a 1920-element LCOPA, whose phase element width is also 5 μm. The incident beam is plane light with zero initial phase and unit amplitude operating at λ ¼ 0.6328 μm. Assume that the incident beam is steered to the left of 0.5 deg with respect to the normal direction of the LCOPA along the propagating direction of incident beam. To compare the simulation results with the theoretical results, the values of the peak points in Figs. 5 and 6 are shown in Table 2 . The angle and intensity errors in Table 2 are calculated by Eqs. (22) and (23), respectively. Some observations are now in order from Table 2 . First, the locations of the grating lobes of the theoretical solution in Eq. (20) are identical to simulations. Second, the intensity errors of the grating lobes between simulations and the theoretical solution in Eq. (21) are less than 0.6%. Hence, it can be remarked that the simulation results agree excellently with the theoretical results for nonperiod blazed grating of LCOPA. 
Experimental Verifications
In this section, we assess the proposed solutions in Eqs. (10) and (19) via experimental data. In Fig. 7 , we provide the schematic of experimental setup, which is composed of (1) (6) camera, photographing the diffraction pattern on the observation screen; and (7) observation screen with a distance of 118 cm from the LCOPA. This experimental setup is employed in both period blazed grating and nonperiod blazed grating experiment of LCOPA.
Period Blazed Grating for LCOPA
We first consider the experiment of period blazed grating based on LCOPA to study the grating lobes. The phase period is 16, which is the same as that in Sec. 3.1. The incident beam was steered to the right of the normal direction of LCOPA along the propagating direction of incident beam. Figure 8 is the far-field intensity distribution observed on the observation screen for the period blazed grating experiment. As shown in Fig. 8 , we can observe the main lobe (0th order) and the grating lobes (−1st and 1st orders) obviously. However, the grating lobes (−2nd and 2nd orders) are indistinct. The reason is the power of the laser used in the experiment is about 3 mW, so that the grating lobes (−2nd and 2nd orders) are so weak that the camera can hardly image them. In addition, there are other bright spots between the main lobe and the grating lobes in Fig. 8 . The fringing-field effect between adjacent elements in LCOPA is considered to be the main factor that give rise to these unwanted spots, since the fringing-field effect broadens the designed phase profile applied to the LCOPA. 14, 15 Phase valley and flyback region are other reasons leading to this problem, because they Optical Engineering 097102-6 September 2013/Vol. 52 (9) distort the designed phase profile. 16, 17 The values (including locations and intensities) of the main lobe and grating lobes pointed out in Fig. 8 are shown in Table 3 and are compared with the corresponding theoretical values. The angle error is calculated by
where θ Exp is the experimental values of the locations of the main lobe and the grating lobes and θ The is the corresponding theoretical values, which can be obtained from Table 1 . The intensity error is defined as
where I Exp is the experimental values of intensities of the grating lobes and I The is the corresponding theoretical values, which can be obtained from Table 1 . Some analyses of Table 3 are in order. First, the angle errors of the locations of the main lobe and the grating lobes between experiment and theoretical solution in Eq. (14) are very small, less than 2.3%. The influencing factors, including measurement error, voltage quantization, 18 surface deformation of LCOPA, 19 nonuniformity of lead resistance, 20 etc., cause the angle error. Second, the intensity errors of the grating lobes between experiment and theoretical solution in Eq. (15) are acceptable, less than 6.3%, caused mainly by the fringing-field effect, flyback region, phase valley, and measurement error. Inspection on the experimental values of intensities in Table 3 reveals that the intensities of the grating lobes are less than that of the main lobe, which confirms the conclusion obtained by Eq. (10) . Herein, it can be concluded that the experimental results are in a good agreement with the theoretical results for period blazed grating of LCOPA.
Nonperiod Blazed Grating for LCOPA
In this section, we consider the experiment of nonperiod blazed grating based on LCOPA. The incident beam is steered to the left of 0.5 deg with respect to the normal direction of the LCOPA along the propagating direction of the incident beam, which is same as in Sec. 3.2. Figure 9 displays the far-field intensity distribution seen on the observation screen for the nonperiod blazed grating experiment. Inspection on Fig. 9 reveals that the main lobe (0th order) and the grating lobes (−1st and 1st orders) Fig. 9 Experimental results of nonperiod blazed grating for LCOPA. are evident. Because of the low power (3 mW) of the laser used in the experiment, the grating lobes (−2nd and 2nd orders) are indistinct. There are also some undesired bright spots in Fig. 9 . As described in Sec. 4.1, the fringing-field effect and other factors cause these undesired spots. The values (including locations and intensities) of the main lobe and the grating lobes pointed out in Fig. 9 are shown in Table 4 and are compared with the corresponding theoretical values. The angle and intensity errors in Table 4 are calculated by Eqs. (24) and (25), respectively, and the corresponding theoretical values can be obtained from Table 2 . Some analyses of Table 4 are in order. First, the angle errors of the locations of the main lobe and the grating lobes between experimental results and theoretical solutions in Eq. (20) are also very small, less than 2%. The factors causing the angle error are the same as those mentioned in subsection 4.1. Second, the intensity errors of the grating lobes between experimental results and theoretical solutions in Eq. (21) are acceptable, less than 5.6%. The fringing-field effect, measurement error, and other factors cause the intensity error. Based on the experimental values of the intensities in Table 4 , one can see the intensities of the grating lobes are less than that of the main lobe, which agrees with the results achieved by Eq. (19) . Thus, it can be remarked that the experimental results agree well with the theoretical results for nonperiod blazed grating of LCOPA.
Conclusions
In this article, we have addressed the grating lobes of LCOPA based on the blazed grating theory.
1. Two blazed grating models for LCOPA are introduced, i.e., period blazed grating and nonperiod blazed grating models. 2. The analytical expressions of the far-field intensity distribution functions, which are used to exploit both the locations and the intensities of the grating lobes, are derived according to the Fraunhofer propagation principle for each case. The derived analytical functions, i.e., Eqs. (10) and (19) , provide an insight for single-slit diffraction and multislit interference effects on the grating lobes. From Eqs. (10) and (19) , it can be seen that the intensities of the grating lobes are less than that of the main lobe, due to the suppression of the single-slit diffraction. 3. Computer simulations and experimental verifications are carried out to evaluate the derived analytical expressions. Both of them are compared with the theoretical results. The good agreement obtained in these comparisons demonstrates that the analysis of grating lobes based on the blazed grating theory is reasonable and is more suitable to be employed for LCOPA than the conventional microwave technique.
The possible future research track might concern mathematically modeling the unwanted bright spots between the main lobe and the grating lobes. Many factors such as fringing-field effect, phase valley, and flyback region give rise to these spots. [14] [15] [16] [17] It might be of interest to study effective methods to suppress the grating lobes to a lower level, so as to focus the energy of the output beam to the main lobe. 
